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We study the possibility that the Standard Model (SM) Higgs can seed the formation of the 
structures in our Universe and the temperature anisotropy in the cosmic microwave background 
(CMB). We found that Higgs cannot play the role of curvaton with ordinary inflation model due to 
the small energy density when it decays. Modulated reheating by Higgs can be another possibility. 
However the present bound on non-Gaussianity severely constrains the type of potential of inflaton 
field and the Higgs-dependent interaction. 
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I. INTRODUCTION 



Recently ATLAS and CMS at the Large Hadron Collider reported a discovery of Higgs- 
like particle [l , [2 ] . If it is a Higgs in the Standard Model, then the mass and quartic coupling 
of the Higgs potential are now determined with all the interactions of Higgs to the other SM 
particles. This can be especially important for the cosmology in the early Universe, since 
Higgs could have played a major role to seed the formation of the structures in the present 
Universe. 

The potential of Higgs field h in the Standard Model takes the form 

V(h) = ~m 2 h 2 + \h\ (1) 

where the mass of Higgs in the minimum is uih = \/2m ~ 125 GeV and the self coupling 
A = A(/x) has a logarithmic dependence on the energy scale. For the current central values 
of the top mass and strong coupling constant, the Higgs potential develops an instability 
around 10 11 GeV, with a lifetime much longer than the age of the Universe. However taking 
into account theoretical and experimental errors, stability up to the Planck scale cannot be 
excluded {3, 4\. In this paper it is legitimate to assume that the Higgs potential is stable up 
to the energy scale of our interest below Planck scale. 

The most economical model for the cosmology is that Higgs plays the role of inflation 
which can elegantly solve the flatness, horizon problems and so on in the Hot Big Bang 
model and seeds the structure formation in our universe. However Higgs in the Standard 
Model is difficult to explain both inflation and the structure formation. One reason is that 
its self-interaction is too strong and the matter density perturbation generated by Higgs-like 
inflaton is much bigger than what we observed j^Q]. A possible way to achieve inflation is to 



introduce a coupling between Higgs field and Ricci scalar R of the form ^h 2 R 7|,l8[. However 
this model is plagued by several issues such as unitarity problem [9|, and the stability of the 
potential up to the near Planck scale Jfj]. 

Even though the Higgs is not a good candidate of inflaton, it may contribute to the 
primordial curvature perturbation and seed the structure formation and anisotropies in 
cosmic microwave background radiation throu gh t he processes such as curvaton, modulated 
reheating, inhomogeneous end of inflation etc 101 ] . 

When the mass of the Higgs is smaller than the Hubble parameter, Higgs has cosmological 
perturbation on super horizon scales at horizon exit. During inflation this remains the 



isocurvature perturbation, however it can be converted to the adiabatic one after or at the 
end of inflation. Here we can calculate the perturbation of Higgs field and the amount of 
the contribution to the curvature perturbation. 

In this paper we study models of generation of perturbation with Higgs assuming that 
there is another scalar field for the inflation. In a given scenario, we derive the cosmological 
observables such as Power spectrum as well as spectral index, tensor-to-scalar ratio, and non- 
Gaussianity parameters. When we compare them with present observational constraints, we 
find that the Higgs field it cannot play the role as a curvaton. In a modulated reheating 
scenario, Higgs can be a dominant source for the curvature perturbation for quadratic type 
potential of inflation field, however, otherwise it can contribute at most 30 % to the power 
spectrum. 

The paper is organized as follows. In Section [Til we study the possibility of Higgs as 
curvaton. In Section II I II we consider the modulated reheating by Higgs. In Section IIVI we 
summarize our results. 



II. HIGGS FIELD AS CURVATON 



In curvaton scenario |lll-ll5j. curvaton is a light scalar field which is subdominant during 
inflation, and inflation is driven by the potential energy of another scalar field, so-called 
inflaton <fi. After inflation the inflaton field oscillate and transfer its vacuum energy to the 
radiation through the reheating mechanism. The curvaton density can be important after 
inflation and can give dominate contribution to the primordial curvature perturbation when 



it decays. Different types of potentials of curvaton 16| were studied in the Literatures includ- 
ing the inflaton contribution [l^ to study the power spectrum and non-Gaussianities 18]. In 
this section we study the possibility of the Higgs field in the standard model as a curvaton. 

The inflation is driven by additional scalar field, inflaton, and it should happen at very 
high energy scale. Considering the upper limit of the Hubble parameter from the tensor-to- 
scalar ratio, the Hubble parameter is only constrained to satisfy, 

H < 3 x 10 14 GeV. (2) 

During inflation the vacuum expectation value (VEV) of Higgs field is expected to be of the 
order of Hubble parameter which is much larger than its physical mass. Thus it is reasonable 
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to simplify Higgs potential Eq. (OQ) to be quartic as 



V(h) ~ \h\ (3) 



In the high energy scale inflation, the size of the Higgs self coupling is A(/z) ~ (9(10~ 2 
For simplicity we take A ~ 0.01 and constant at the scale of our study. The effective mass 
square of Higgs is given by 



m 



2 

efl 



V hh = 3Xh 2 . (4) 



When the effective mass of the Higgs field is smaller than the Hubble parameter, it acquires 
visible quantum fluctuations around the vacuum value during inflation, and may seed the 
structure formation and anisotropy in the CMB. This condition requires that during inflation 



The upper bound on the Hubble parameter Eq. ([2]) sets an upper limit on the the value of 
Higgs field /i « QH < 2 x 10 15 GeV. 

Because Higgs is quite light, it almost does not move and its VEV is kept fixed during 
inflation. One can easily check that the Higgs energy density is subdominant by the order of 
H 2 /Mp as long as Eq. §5§ is satisfied. On the other hand, the amplitude of Higgs quantum 
fluctuations during inflation is given by 



Sh = §. (6) 



Combining with Eq. (JHJ), we conclude that 



o.o3^<f<!, m 

which is independent on the precise value of Hubble parameter. Here we consider the VEV 
of Higgs should not be less than the amplitude of its quantum fluctuations. 

After inflation inflaton field oscillates around its local minimum and its potential en- 
ergy is converted into radiations to initiate the radiation-dominated Universe. During this 
time, Higgs field starts oscillation when the effective mass becomes bigger than the Hubble 
expansion, namely when 

HL = m 2 cS = 3\h 2 . (8) 
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The energy density of an oscillating Higgs decreases as a -4 which is similar to radiations. 
During oscillation epoch, the ratio of Higgs energy density to the background energy density 
dominated by radiation continues to be constant. After some oscillations of Higgs, the energy 
of Higgs condensate is transferred to the radiation by perturbative and non-perturbative 
process. Since the coupling of Hig gs t o other fields are strong the energy transfer is completed 



soon after the start of oscillation 



19 



20] . Therefore the Higgs density parameter Qh at the 



time of Higgs decay is approximatetely the same as the onset of oscillation of Higgs, which 
is given by 

U h - P -±-( P A X,AK - ^ R2 < 15X10-* (9) 

* " Pr ~ Wosc " 3M|^ SC " 36M| <<C 108AM| - " (9) 

Here we used h osc = h which is constant during inflation and Eq. ([2]) and Eq. (JSj) for the 
inequality. Roughly speaking, the density perturbation generated by Higgs-like curvaton is 

Sp PhSph PhSh 5h 

— ~ ~ — ~ lih— (,10J 

P P Ph P h h 

which is less than f^. Therefore we conclude that the Higgs-like curvaton cannot make a 
significant contribution to the density perturbation we observed today. In the Ref. 2l|, the 
authors argued that Higgs is also an unwanted curvaton even in the context of generalized 
G inflation model. 



III. MODULATED REHEATING BY HIGGS 

In this section, we examine the possibility of Higgs as a modulating particle in the re- 
heating mechanism by inflaton field and the amount of the contribution to the primordial 
curvature perturbation. After inflation the energy density in the inflaton field must be 
transferred into radiation. In the simplest case of single field inflation model without any 
other light scalars, reheating process does not affect the primordial curvature perturbation 
on scales which are observable today, because these scales were much larger than the horizon 
at the time of reheating. However there may be a subdominant light scalar field present 



during inflation and this field can modulate the efficiency of reheating [23|-|25[. This makes 
the reheating a spatially dependent. The quasi-scale invariant perturbations in this light 
field, which during inflation are an isocurvature perturbation, may be converted into the 
primordial curvature perturbation during this process. 



We consider that the inflaton field, 0, drives inflation and its subsequent decay during 
oscillation transfers the vacuum energy of inflaton field to the radiation background. For 
this we assume a inflaton potential and its interaction with other fields as follows 

c= l -d^dy-v{ct ) ) + c- mt . (11) 

Here V{4>) is the potential which is responsible for the inflation and £i nt is the interac- 
tion which is responsible for the inflaton decay and has dependence on the Higgs VEV, h. 
For simplicity we will take a polynomial potential V(<p) oc <f) 2a and the Higgs dependent 



interactions 



C mt Va{h)Ha^a ~ ^ M W%a ~ J2 daWxl, (12) 

a a a 

where Xa and ifj a are scalar and fermion fields which contribute to the radiation in the early 
Universe. The coupling constants y a (h), M a (h), and g a (h) are functions of the Higgs field h. 

The total decay rate of the inflaton is given by the sum of Higgs independent and depen- 
dent part, 

T(h) = T I + T D (h), (13) 



where T D (h) has the form of 29] 



1 W - / An— m 4, + 7, B n- -g + }, Cn Q t iff\a ^> ( 14 ) 

z — ' Hit v z — ' SirmF 87r (m;r' 



with rrf^ the effective mass of the inflaton field defined by (m^ ff ) 2 = d 2 V/d 2 (f) and A n , B n , 



and C n are numerical coefficients of the order of 0(1 — 1000) [291 ] . 

Here we consider that inflaton field slowly rolls down its potential V(4>) and then inflaton 
field does not contribute to the curvature perturbation at non-linear orders. In the inflaton- 



modulated reheating mixed scenario, the curveture perturbation is written as [25|, [29] 



C = i tfW* + ® h6h * + TiQhhShl + \Qhhh5hl + • • ■ , (15) 
Mp Vfj, 2 b 

where Q is a function of T(h)/H c calculated at a time t c which is after several oscillations 

of the inflaton but well before the time of decay of inflaton. A quantity with subscript * 

is evaluated when the corresponding scale crosses the Hubble horizon during inflation. For 

r /H c <^ 1, Q can be well approximated by 

Q = a log(T/H c ), (16) 
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where ao has different value and sign for different inffaton potential and interaction for the 
dominant decay mode. The value of ao for some of the examples are given in the Table I of 
Ref. 29] . With this form we find the derivatives 













a 








( ^hhh 




a 


v r 





r r3 

h L hh 2 h 



where (3 = r/(l + r) e [0, 1], 



and 



(17) 



r 3 

From Eq. ffT5]) , the power spectrum of curvature perturbation is given by 

p <= p ^=mrX^) 2(1+f) ' (18) 

where 

?='§*■ = 2M 2 P e*Ql (19) 

and 

The spectral index of power spectrum of curvature perturbation is 

nsEl + 7]r5 = (1 "^ + K ' (21) 



n u = 1 - 6e + 277^, (22) 
n Ch = 1 - 2e + 2 Vhh , (23) 



Tto^MjZj*, Vn^^-r (24) 



The gravitational wave perturbation only depends on the total energy density during infla- 
tion, and the amplitude of its power spectrum takes the form 

*r = ^jf, (25) 



whose tilt is defined by 



HT = ~d^k = - 2e - (26) 
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Usually we introduce a new parameter, so-called tensor-to-scaler ratio r, to measure the size 
of gravitational wave perturbation, 

r = ^ = (l-/3)16e*. (27) 

And thus the consistency relation for inflaton-modulated reheating scenario becomes 

n T = — -. (28) 

1-/38 V ; 

For — y 1, the consistency relation will be quite different from that in single-field slow- roll 
inflation model. 

Typically T D (/i) is assumed to be proportional to h n with n — 1, 2, 3, ■ • • . Therefore for 
each case 

Tl 

Qh = a B h -, (29) 

where = T D /T, the fraction of the Higgs-dependent decay rate to the total decay rate of 
inflaton field. Considering V Ch = Ql{^) 2 = /3P C , V c = 2.46 x 10" 9 and Eq. ([ZD, we have 



B h = 3.1 x 1(T 4 4— r tt « 1-7 x 1(T 3 -^ (30) 
n|a | V-n*/ n l a o| 

where the last inequality comes from Eq. For ^/]3 ~ (^(lO" 1 ~ 1) and ao ~ 0.1, we 
conclude that 

B h < 0(1(T 3 ~ 1(T 2 ). (31) 

It indicates that inflaton decay is dominated by the Higgs independent decay. 

We can also calculate the non-linearity parameters /nl, tnl, and #nl- Following 
obtain 

/N L = --^-l + Tr J+0(^), 



we 



rNL = ^fl-^V + 0( e 2 , e r / ,r / 2 ), (32) 
a o \ 1 h J 

25/3 3 / TT hh T 2 T hhh \ 2 2 



Taking into account T D {h) oc h n , /nl can be written by 



5/3 2 5 /3 2 n-l 

+ 77^ • (33) 
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For n — 1, /nl — — § — , which is smaller than Oil ~ 10); for n > 1, /nl is dominated by 
the second term in the above formulation. For the case with large /nl ; the non-Gaussianity 
parameters characterizing the size of trispectrum become 

36 

TNL " 25/^ L ' (34) 
2(n-2) 2 5/3 
3(n — l)p 3 a 

If /3 -C 1, tnl are significantly enhanced compared to f^ L . 
The present bound on /nl by WAMP is 

-10</ NL < 74 (95% CL), (36) 
which may give a bound on the parameter /3. For n — 1, if V(</>) oc <p 2 , we have ao = —1/6 



29l | . /nl = 5/3 2 < 5 1 and then the current bound on /nl does not give any constraint on /3; 
if V{4>) oc 6 we have ao = 1/6, 1/30, 1/18 corresponding to the dominant interaction for 
inflaton decay —yipipip, —Mifrx 2 , —X^x 2 respectively, and the bound on /nl implies 

P < min( v / T2^,l). (37) 

We see that Higgs can significantly contribute to the curvature perturbation in the case of 
n = 1. 

For n > 1, / NL ~ f n ~ X a ,fg . In the case of V(0) oc 2 , a < 0, and then f3 2 < ^\a \B h . 
Combining with Eq. ( )30l) . we obtain 

0.075 

^ ~ (n- 1)2/3- (38) 
In the case of V(<f>) oc </> 6 , a > 0, the bound on / NL yields f3 2 < ^j\a \B h , and hence 

" * <^r> < 39 > 

Therefore the Higgs can contribute at most 30 % to the curvature perturbation. 



1 If a positive /nl > 5 is detected by forthcoming observations, such as PLANCK etc, this case will be 
ruled out. 
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IV. DISCUSSION 



We have examined the viability of the Higgs in the Standard Model as a dominant source 
of the primordial curvature perturbation. We find that Higgs as a curvaton is difficult since 
the energy density of the Higgs condensate is too small at the time of energy transfer of Higgs 
to the radiation. In the modulated reheating scenario, Higgs can dominantly contribute to 
the perturbation when the Higgs-dependent decay rate is linearly proportional to the Higgs 
VEV. In this case the primordial non-Gaussianity generated by Higgs should be small. On 
the other hand, if the Higgs-dependent decay rate non-linearly depends on Higgs VEV, 
usually a too large Bispectrum is predicted and the current bound on the non-linearity 
parameter gives upper bound 30% on the contribution of the Higgs to the total curvature 
perturbation. 
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